T he efficacy and necessity of SRS for the treatment of residual and recurrent nonfunctioning pituitary adenomas, and even as a primary therapy in some instances, have been demonstrated in several studies. 5, 11, 14, 20, 22, 23 Two items remain subjects of controversy: the first is the minimum effective dose and the second is occurrence of postradiosurgical pituitary insufficiency. Both items are related, as some studies have shown a relationship between the prescribed dose and hormonal insufficiency. 4, 8 Another item of interest is the effect of a lower dose on tumor control.
Methods

Patient Population
This study initially involved 38 patients with nonfunctioning pituitary adenomas, who were treated between January 2002 and July 2008. Twenty-one patients were available for follow-up (13 men and 8 women), and these patients comprised the study group. The patients' ages ranged from 31 to 70 years (mean 48 years). The mean follow-up period was 44 months (range 24-90 months). Nineteen patients previously had undergone surgery (between 1 and 4 operations each).
Visual field defects were present in 12 patients. Duration of the field defect ranged from 5 to 84 months. Six Low-dose Gamma Knife surgery for nonfunctioning pituitary adenomas patients presented with headache and 2 patients presented with ocular nerve palsy. Pituitary dysfunction developed after surgery in 3 patients. One patient had an abnormal pituitary hormone profile before radiosurgery due to an attack of pituitary apoplexy.
Twelve patients had tumors in direct contact with, or within 2 mm from, the visual pathway at the time of treatment. Nine of these patients had associated visual field defects.
Radiosurgical Parameters
After a local anesthetic agent had been applied to the head, the patients received placement of the Leksell stereotactic head frame (model G, Elekta AB). High-resolution gadolinium-enhanced MRI was performed using a 1.5-T Genesis Sigma MR unit (General Electric). Magnetic resonance imaging was the only imaging technique used. The MRI sequences were T1 weighted with addition of contrast agent and 1.6-mm slice thickness. Images were transported to the GammaPlan 5.32 workstation (Elekta AB). Treatment planning included drawing of the target and delineation of the anterior visual pathway. Radiation coverage was generally intended to be 90% or more of the target; however, in some cases in which the tumor was in direct contact with the optic apparatus, coverage was intended to be at least 80%-85% of the tumor receiving the prescribed dose.
We maintained a small less-irradiated area close to the optic apparatus. The maximum dose directed at the optic apparatus was maintained below 9 Gy when possible, without significant compromise of the tumor cover. Otherwise, in situations in which the maximum dose exceeded 9 Gy, a dose-volume histogram was created and the volume of anterior visual pathway receiving more than 9 Gy was kept lower than 10 mm 3 ( Table 1) .
Follow-Up
Follow-up examinations were planned at 6-month intervals for the first 2 years and annually thereafter. Every patient's history and examination findings were recorded and compared with those documented prior to treatment. Radiological follow-up was undertaken by performing contrast-enhanced MRI. A formal computerized visual field examination was performed at every follow-up examination, and a complete hormone profile was recorded beginning at the end of the 2 years' follow-up.
Tumor volume changes were assessed in 2 ways on MR images. We made the first assessment by taking measurements using a micrometer screw gauge in the axial, coronal, and sagittal planes. Tumor shrinkage was only confirmed to be present if it could be demonstrated in 2 planes. In addition to this method, we made a qualitative assessment by registering any change in tumor contour or noting retraction of the tumor away from normal tissue (for example, the optic chiasm).
The perimetry findings were compared both in respect to overall appearance and the quantitative data registered on the forms.
Hormone assessments included measurements of adrenocorticotropic hormone and basal serum cortisol, free thyroxine, thyroid-stimulating hormone, luteinizing hormone, follicle-stimulating hormone, prolactin, and growth hormone serum levels.
Statistical Analysis
We used IBM SPSS statistics (version 19.0, IBM Corp.) for the data analysis. In this paper, data are expressed as means ± SDs for quantitative parametric measures and as both number and percentage for categorized data.
The following tests were performed: 1) a comparison between 2 independent groups for nonparametric data using the Wilcoxon rank-sum test; and 2) a Chi-square test to study the association between 2 variables or a comparison between 2 independent groups as regards the categorized data. The probability of error at 0.05 was considered significant, whereas probabilities of error at 0.01 and 0.001 were considered highly significant.
Results
The patients were followed up for a period of 24 to 90 months (mean 44 months). The tumor decreased in size in 11 patients (52%) and remained stable in 9 patients (43%). In 1 patient there was tumor growth outside the previous radiation field on the contralateral side.
Among the 12 patients with visual field defects, 9 (75%) experienced an improvement and the remaining patients' vision remained stable. In the 2 patients with ocular nerve palsy before treatment, 1 patient's palsy remained unchanged and the other's palsy improved. In only 4 patients was the visual improvement associated with tumor shrinkage. In other words, among patients in whom tumor size remained unchanged, 56% of patients experienced visual improvement, as opposed to 44% of patients whose visual status was unchanged. Contrary to what we expected, only 33% of patients with tumor shrinkage had visual improvement; 67% had an unchanged visual field (Fig. 1) .
Regarding the 12 patients who harbored tumors in direct contact with, or within 2 mm from, the anterior optic apparatus, there was improvement in visual fields in 7 patients ( Fig. 2) and stable findings in the rest. In 5 patients the tumor shrank, and in 7 patients the tumor remained stable in size. In 1 patient the tumor progressed but outside the radiation field (on the contralateral side). In this group of patients, 57% of patients in whom the tumors appeared unchanged experienced visual improvement and 60% of patients in whom there was tumor shrinkage had visual improvement (Fig. 3) . Pituitary hormone levels remained within normal values in all but 4 patients who had pituitary dysfunction prior to radiosurgery.
Discussion
For decades the most widely used treatment for nonfunctioning pituitary adenomas has been transsphenoidal surgery. However, in the presence of supra-and parasellar tumor extensions, complete resection may be unattainable (46%-75% of all surgical cases). 3, 6, 17 The results of surgery alone demonstrate long-term recurrence rates of 50%-85%. 21, 27, 29 Traditionally, conventional fractionated radiotherapy was used to treat residual tumors to prevent regrowth and prevent new neurological symptoms. However, despite acceptable tumor growth control rates, the major problem with this form of radiation treatment was the considerably high rate and severity of its complications. These included a 1%-7% risk of delayed optic neuropathy and a 50%-100% rate of long-term pituitary hormonal deficiency. 1, 2, 10, 12, 13, 15, 19, 26 This led to the emergence of SRS as a safer and equally effective form of radiation treatment. The tumor control rates associated with SRS for nonfunctional pituitary tumors range from 87% to 97% and the regression rates from 42% to 78%. 5, 11, 14, 20, 22, 23 In the present study, the tumor control rate was 95% and the regression rate was 52%, values consistent with those of previously cited studies.
The 2 main topics of concern and controversy regarding radiosurgical treatment of pituitary adenomas are the optimal dose and effect of radiosurgery on hormone function in the normal hypophysis. The radiosurgical doses selected for nonfunctioning pituitary adenomas are usually lower than those deemed necessary for functioning adenomas. However, the optimal dose for a nonfunctioning pituitary tumor remains unclear. Losa et al.
11 demonstrated that the radiation dose applied to the periphery of the tumor was significantly higher in patients in whom the tumor reduced in size, compared with patients in whom there was no change in tumor volume. In that study, however, the mean prescribed doses were 17
Gy for the former group and 15 Gy for the latter, which are higher than the doses used in the present study. Despite this, we demonstrated a 52% rate of tumor reduction. Sheehan et al. 23 noted that a margin dose of 13-14 Gy was effective. Mingione et al.
14 reported that the lowest margin dose capable of producing tumor shrinkage was 12 Gy. Park et al. 20 used univariate analysis to demonstrate that a low radiation dose directed at the tumor margin (≤ 13 Gy) was a significant risk factor for tumor recurrence (p = 0.034). However, this factor did not remain significant in multivariate testing (p = 0.892).
Tumor growth control could be achieved in tumors that adhered or were close to the optic apparatus in all 11 
. Magnetic resonance images and computerized images of the visual field obtained before GKS (left) and 75 months after GKS (right).
This patient initially presented with bilateral optic atrophy. She underwent transsphenoidal surgery, which resulted in improvement in the left visual field alone, while her right eye was almost blind. During GKS, a 7.2-cm 3 tumor was treated with 12 Gy to the 45% isodose with 70% coverage. The excess dose went into the skull base. The maximum dose to the visual pathways was 8.5 Gy, and only 9 mm 3 received more than 8 Gy. At the latest follow-up, 75 months after GKS, there was evidence of tumor regression and bilateral visual field improvement, especially in the right temporal field (right). patients in the present series. This finding was also demonstrated by Mingione et al.
14 and Iwai et al. 5 Neither of their studies found a difference in tumor growth control based on the distance between the lesion and the optic apparatus. The authors noted that if most of the lesion received a sufficient dose, tumor growth control could be achieved. This is contrary to results reported by Park et al. 20 who found a difference in growth control based on the lesion's proximity to the optic apparatus, but this difference did not reach statistical significance. There were no cases of radiation-related cranial nerve neuropathy.
The anterior optic apparatus is known as the most radiosensitive intracranial structure. Stafford et al. 24 reported that a dose of 12 Gy or less is associated with a 1.1% risk of optic neuropathy. Recently, it was found that a dose of 10 Gy or less directed at a small volume of the optic apparatus can be considered relatively safe. 7, 18 That is why in our study we persistently tried to keep the dose to the anterior visual pathway below 9 Gy and, as a consequence, there were no cases of optic neuropathy. The cranial nerves that pass through the cavernous sinus can tolerate doses of up to 40 Gy; 25 thus there was no risk of injury from the low dose that was used.
Some studies have demonstrated that the radiation dose directed to tumors that fail to respond is not significantly different from that directed to other tumors that do respond. 23 Park et al. 20 found that tumor control occurred less often in patients who earlier had experienced 2 or more recurrences, with univariate and multivariate analyses showing significance at p < 0.001 and p = 0.01, respectively. Tumor aggressiveness should be considered. Recurrence on the contralateral side, which occurred in this study, was reported in 2 other studies. 11, 22 This may be related to tumor cells left in the lateral walls of the sella turcica following transsphenoidal surgery, which are not immediately detected on imaging studies and become visable after they have proliferated to a larger size. Also noteworthy is the fact that visual improvement was not exclusively associated with tumor shrinkage, as would be expected. On the contrary, a greater number of patients in whom tumor size remained unchanged displayed visual improvement.
It has been reported frequently that SRS for nonfunctioning pituitary adenomas is associated with a risk of developing hypopituitarism in 0%-28% of cases. 5, 11, 14, 16, 22, 23 In these reports, however, no reference is made to the prescribed dose given in patients in whom a hormonal deficit developed or to whether any of these patients received prior radiotherapy. Other authors have not indicated whether there was an initial hormone imbalance in their patients, 16 and those authors who did grouped patients with normal pituitary function with those with partial pituitary dysfunction.
14 In a study by Pollock et al. 22 the risk of developing a hormonal deficit was related to tumor size (for tumors ≤ 4 cm 3 the risk was 18%, whereas for tumors > 4 cm 3 the risk was 50%) and length of follow-up with an incidence of 32% at 5 years. Prior radiotherapy, advanced patient age, and length of follow-up have been determined to be factors contributing to the development of new hormonal deficits after SRS.
Some studies have correlated the occurrence of new hormonal deficits with the dose given to the pituitary gland and pituitary stalk. 4, 8 Feigl et al. 4 reported that patients who received a higher mean point dose to the pituitary stalk (6.5 ± 3.8 Gy vs 4.1 ± 2.8 Gy) and the pituitary gland (12.4 ± 6.5 Gy vs 9.5 ± 7.1 Gy) were more likely to develop new hormonal deficits after GKS. It has been suggested that it is the mean dose and not the maximum dose to the pituitary gland that is the most important factor in the development of hypopituitarism.
9,28 Vladyka et al. 28 hypothesized that the mean dose represented the dose delivered to the whole volume of the hypophysis, whereas the maximum dose was received only by a small amount of tissue. That is why it may be less significant in influencing the function of the whole hypophysis. Liscák et al. 9 reported a differential radiosensitivity within normal pituitary tissue, because they observed that the mean limiting dose for gonadotropic and thyrotropic function was 15 Gy, whereas the mean limiting dose to the hypophysis for adrenocorticotropic function was 18 Gy. Those authors also determined that previous surgery was a contributing factor to the development of hypopituitarism. There were 3 patients with pituitary dysfunction in our study, and in all cases this dysfunction occurred after surgery.
In this study there were no patients in whom new hormonal deficits developed. We postulate that this may be due to the uniformly lower prescription dose (12 Gy) that we used to treat these tumors. To the best of our knowledge, this is the only study of radiosurgical treatment of nonfunctioning pituitary adenomas in which the same low prescription dose was used in a consecutive group of patients. Whether this dose will succeed in producing longer-term tumor control, and whether normal pituitary function will be maintained, will require a longer follow-up.
Conclusions
The 12-Gy prescribed dose used in this study seems to be sufficient for producing tumor control while sparing the patient from radiation-induced pituitary dysfunction. In addition, visual improvement occurred in a number of cases. A larger series and longer follow-up are required to confirm these results.
